The study of pathologic behavioral phenomena following damage to the central nervous system has substantially contributed to our understanding of the normal organization of cognitive brain functions. The investigation of clinical extinction in neurological patients, for example, revealed that events occurring in the immediate proximity to the body (i.e. in near peripersonal space) undergo a high degree of multisensory processing. Indeed, visual-tactile extinction is most severe near a given body part: tactile stimuli on the contralesional hand are more severely extinguished by visual stimuli presented near, as compared to far, from the ipsilesional hand. Here, extinction-based evidence will first be reported to illustrate the peculiar nature of multisensory processing occurring in pericorporeal space. Second, the plastic features of such processing following tool-use will be presented. Our findings in patients with visual-tactile extinction show that the use of a tool as an extension of reachable space may dynamically modulate the multisensory processing of farther, non-reachable sectors of space. Finally, a normal model of the clinical phenomenon of tactile extinction is proposed and demonstrated. We show that, despite accurate and comparable perception of single stimulation to the right or left hand, somatosensory performance is lower when reporting double simultaneous stimuli in neurologically healthy participants, thus replicating the typical extinction patient's behavior. This intrinsic limitation of the somatosensory perceptual system was exploited to further investigate multisensory interactions between proprioceptive-kinesthetic and tactile inputs in normal subjects. In this respect, we demonstrate that experiencing the functional property of a tool may selectively modulate the tactile extinction-like phenomenon in healthy subjects. These findings, in addition to validating the normal model of tactile extinction, may open new perspectives for investigating the pervasive aspects of multisensory processing in humans and their neurophysiological bases.
The neuropsychological phenomena termed 'neglect' and 'extinction' represent two models that provide considerable insight into the behavioral characteristics of multisensory spatial representation in humans (Ladavas and Farnè, 2004) . Unilateral spatial neglect is a relatively common deficit that most frequently arises after right-brain damage (RBD). Its main characteristic is a lack of awareness for sensory events located in the contralesional side of space (towards the left-side space following a right lesion) and a loss of exploratory search and other actions normally directed toward that side. Some of the classic presentation symptoms of neglect patients include behaviors as if the left half of their world no longer existed, so that in daily life they may only eat from one side of their plate, shave or make-up only one side of their face (Driver and Vuilleumier, 2001) , or draw or verbally describe only the right side of a remembered image or place (Bisiach and Luzzatti, 1978) .
To some extent, neglect is similar to the phenomenon of extinction (Critchley, 1949) , a pathological sign following brain damage whereby patients fail to report a stimulus, presented to the contralesional side, only when accompanied by a concurrent stimulus on the ipsilesional side (Bender, 1952) , that is, under conditions of double simultaneous stimulation (DSS). Otherwise, extinction patients are able to detect (almost always) the presence of the very same contralesional stimulus when delivered singly to the affected side, that is, under conditions of single stimulation (SS). Extinction is less associated with right unilateral brain lesions than neglect (Rafal, 2000) and the lateralization may relate to handedness (Meador et al., 1998) . It can be easily revealed by means of the 'confrontation' method, which consists of having the examiner sitting in front of the patient and wiggling the left, the right, or both index fingers simultaneously, while the patient is asked to verbally report which side(s) has been stimulated. When the patient's right or left visual fields (or hands for the tactile modality) are alternatively or simultaneously stimulated, extinction can be readily detected and quantified. An impaired ability to report contralesional stimuli under DSS, as compared to unilateral stimulation, is the hallmark of extinction. This technique is similarly used to assess extinction in the auditory modality.
Extinction is eminently a competitive phenomenon (Ward et al., 1994; di Pellegrino and De Renzi, 1995) that has been proposed to emerge because of the unbalanced competition between affected and unaffected spatial representations, with the ipsilesional events being provided with stronger competitive weights as compared to the contralesional ones (Duncan, 1996; Driver et al., 1997; Driver, 1998; Berti et al., 1999) . Owing to the imbalance in competition, contralesional events will be suppressed, as if they were 'extinguished' by the ipsilesional events. Both neglect and extinction can occur despite relatively intact primary sensory pathways. Although extinction has long been considered as a residual form of spatial neglect, these two neuropsychological manifestations differ in some respects and double dissociations have been documented (Geeraerts et al., 2005) , suggesting a distinct underlying neural mechanism for extinction and neglect (Vallar et al., 1994) .
In what follows, we outline how the phenomenon of extinction can be used as a fruitful model for the study of multisensory coding of space in the human brain. In particular, we first review how extinction can be assessed to reveal the peculiar features of multisensory coding occurring in proximal space, as well as its plastic changes induced by using a tool as a functional modification of body-reachable space. We then turn to presenting a model of tactile extinction in neurologically healthy subjects, and validate it by showing that this model can similarly be exploited to further investigate the intrinsic multisensory nature of our normal perception.
The multisensory space around us
Despite the conscious experience of a unitary space surrounding the body, this unified percept is the integrated outcome of distinct neuronal systems providing a considerable amount of fusion among the senses . The notion of a modular organization for spatial representation is now widely accepted, and exemplified by the occurrence of neglect restricted to peripersonal (within reaching distance) or extrapersonal (beyond reaching distance) space (Coslett et al., 1993; Vuilleumier et al., 1998; Berti and Frassinetti, 2000; Halligan et al., 2003) . This double dissociation supports the existence of separate spatial representations for peripersonal and extrapersonal space, complementing the previously documented dissociation between personal and peripersonal neglect (Bisiach et al., 1986) . The space representation taxonomy thus includes three main sectors: personal, peripersonal and extrapersonal.
While no definitive answer has yet been given regarding the anatomical counterpart of these behavioral dissociations in humans, neuroanatomical evidence has been provided for the correlates of peripersonal and extrapersonal space in monkeys. Rizzolatti et al. (1981 Rizzolatti et al. ( , 1983 Rizzolatti et al. ( , 1997 coined the term 'peripersonal' to refer to a limited sector of space around the animal's body, the spatial boundaries of which are operationally defined by variations in the neuronal firing rates as a function of proximity between a three-dimensional (3D) visual object and a given body part. They found neurons in the premotor cortex (area 6) that respond to somatosensory and visual stimuli, provided that they are presented within the monkey's peripersonal space. In contrast, FEF neurons (area 8) respond when the same visual stimuli are located farther away in the extrapersonal space. Accordingly, unilateral ablation of area 6 or 8 provoked contralesional visual neglect for objects located, respectively, in the monkey's peripersonal or extrapersonal space (Rizzolatti et al., 1981 (Rizzolatti et al., , 1983 .
Today, several areas of the monkey brain, including the putamen, parietal areas 7b and VIP, as well as premotor areas, are thought to be crucially involved in representing near pericorporeal space. A relatively high proportion of multisensory neurons responding to tactile and visual and/or auditory stimuli have been reported in these structures. Their visual receptive fields (RF) are variably limited in depth, projecting from a few to several centimeters outward from the tactile RF, and they are in rough spatial register (i.e. they overlap) with the location of the somatosensory RF. These neurons respond best to both tactile and visual (or auditory) stimuli provided that visual (or auditory) stimuli are presented immediately adjacent to a particular body part (e.g. head or hand). Most notably, the visually evoked firing rate of bimodal neurons decreases as the distance between the visual stimulus and the animal body part where the tactile RF is located increases. For example, in the case of multisensory neurons with small visual RFs (~30 cm), a differential rate of firing occurs for stimuli within the animal's reach (Graziano and Gross, 1995; Fogassi et al., 1996; Duhamel et al., 1998) , thus coding for the limited portion of space immediately surrounding the body (i.e. near peripersonal space; for review, see Rizzolatti et al., 2002) .
In addition to animal evidence, recent functional neuroimaging studies in humans provide evidence in support of the existence of similar multisensory integrative structures in the human brain (Bremmer et al., 2001) . Most notably, however, converging behavioral evidence comes from neuropsychological studies on brain-damaged patients affected by the phenomenon of extinction, which show that peripersonal space in humans is also composed of a proximal and a distal sector (i.e. near and far peripersonal space).
Extinction as a tool for studying multisensory spatial representations " … in some cases it seemed as if visual or auditory stimuli produced extinction of cutaneous sensation" Morris B. Bender, Disorders in Perception (1952) How did the study of extinction contribute to our understanding of the multisensory coding of space? Contralesional extinction has long been known to occur within different sensory modalities (unisensory extinction), including visual (di Pellegrino and De Renzi, 1995) , auditory (De Renzi, 1984) , olfactory (Bellas et al., 1988) , and tactile (Gainotti et al., 1989) . However, the phenomenon of cross-modal extinction (i.e. extinction 'between' modalities) has been more elusive (e.g. see Inhoff et al., 1992) and documented only more recently in studies on RBD patients affected by left unisensory tactile extinction. In particular, it has been demonstrated that the presentation of a visual stimulus in the right ipsilesional field can extinguish a tactile stimulus presented on the contralesional hand, which is otherwise well detected by patients when presented alone (Bender, 1952; di Pellegrino et al., 1997; Mattingley et al., 1997) . Since these initial observations, we have conducted several studies that have systematically shown that cross-modal extinction can be modulated by the spatial arrangement of the stimuli with respect to the patient's body (for review, see Ladavas and Farnè, 2004) . In RBD patients with tactile extinction, for example, visual stimulation on the ipsilesional side produces contralesional tactile extinction, whereby the presentation of visual and tactile stimuli on the same contralesional side can reduce the deficit (Ladavas et al., 1998a) . Moreover, the modulation described is most consistently manifest when the visual-tactile interaction occurs in the space close to the patient's body, as compared to when the space far from the body is visually stimulated. For example, presenting a visual stimulus near (~5 cm) the patient's ipsilesional hand (i.e. in near peripersonal space) strongly extinguishes a tactile stimulus concurrently delivered on the contralesional hand. In contrast, much weaker extinction is observed when the same visual stimulus is presented farther away (~35 cm) from the patient's ipsilesional hand (i.e. in far peripersonal space). The finding that multisensory integration may occur in a privileged manner within near peripersonal space has been taken as evidence of the existence, in humans, of an integrated visual-tactile system coding near peripersonal space in a similar way to that described in monkeys (Ladavas, 2002) .
Visual and tactile information is integrated in a similar way in other peripersonal space regions, such as around the face (Ladavas et al., 1998b; Farnè et al., 2005a) . In these studies, extinction patients were presented with unilateral and bilateral tactile stimulation on both cheeks and visual stimuli were concurrently presented on the contralesional or ipsilesional side. As with the hand, high levels of extinction was found in the ipsilesional visual condition, whereas the visual stimulus enhanced tactile detection when delivered on the contralesional side. The modulation, again, was more evident when the visual stimulus was presented in a near body region of space rather than in a farther region, thus implying that multisensory integration only within proximal space regulates whether the tactile input will reach awareness.
Similar modulations of tactile extinction have been reported in the interaction between audition and touch (Ladavas et al., 2001) . When sounds are concurrently presented with single touches delivered to the neck in tactile extinction patients, their contralesional tactile detection is most likely to be hampered by proximal, as compared to distant, loudspeakers. Interestingly, such a multisensory effect is even stronger when cross-modal auditory-tactile extinction is assessed in the patients' back space (where vision is not available), suggesting that different degrees of multisensory integration may occur depending upon the functional relevance of a given modality for that particular sector of space (Farnè and Ladavas, 2002) .
These findings support the notion of a multisensory coding of near peripersonal space in humans, akin to that described in animal studies. In monkeys, a strong multisensory integration in peripersonal space occurs at the single neuron level: the same neurons activated by tactile stimuli delivered on a given body part are also activated by visual or auditory stimuli delivered in space near that body part. In this respect, the selectivity of human visual-tactile extinction for the proximal sector of space is reminiscent of the spatial bias observed in visual neglect, which may selectively arise in near peripersonal space (Halligan and Mashall, 1991) .
Altogether, these results show that the manifestations of cross-modal interactions can be selectively modulated by the relationship between the stimulus and the body, including distance and spatial location (but also auditory complexity, see Farnè and Ladavas, 2002) . These findings are in good agreement with a modular organization of space, in which several neuronal structures are devoted to the processing of different space sectors across different sensory modalities, most likely for different behavioral purposes. Among these structures, the functional representations of near and far peripersonal space in humans parallels the circuit of multisensory areas that has been well documented in monkeys.
Plastic multisensory modulations induced by tool-use
An interesting characteristic of the multisensory representations of the region surrounding the body is its plasticity. Through tool-use, for example, it is possible to functionally remap the space so that "far becomes near" (Berti and Frassinetti, 2000) . Berti and Frassinetti showed that, when asked to use a long stick to bisect distant horizontal lines, the neglect patients' selective bias, formerly present only in near space, was transferred to far space. Similar results have been described in neurologically healthy subjects (Maravita and Iriki, 2004) and in extinction patients who, after tool-use, showed changes in cross-modal extinction that were compatible with a tool-use-dependent remapping of action space (Farnè et al., 2005b) . Most of these studies were inspired by the seminal paper by Iriki et al. (1996) , which propelled several investigations of the physiological and behavioral effects exerted by the use of tools upon the multisensory representation of near peripersonal space. Iriki et al. reported that the visual receptive fields (RF) of a monkey's parietal visual-tactile neurons enlarged along the axis of a rake soon after its use for retrieving distant food pellets. The same visual RF shrunk following passive toolwielding, recorded immediately after tool-use, thus showing a tool-use-dependent extension of the visual-tactile space immediately surrounding the hand (Iriki et al., 1996) .
In this context, the successful use of a tool, as an extension of the corporeal boundary, requires integration of (at least) visual, tactile, proprioceptive and motor aspects (Napier, 1956) . Under normal circumstances, such a polymodal merging of sensorimotor information from different locations (hand and tool) ensures that the appropriate action (e.g. retrieval) is performed with an appropriately oriented tool (e.g. a rake), in the position where the target object is located (Beck, 1980; Farnè and Ladavas, 2000; Johnson-Frey, 2003) . Accordingly, several studies have reported evidence that various types of tool-related experience may modify the spatial extent of the peri-hand area within which visual-tactile integration occurs. For example, adapting the task originally introduced for monkeys to humans (Iriki et al., 1996) , we showed that the weak visual-tactile integration usually observed far from the subject's hand can be significantly increased following tool-use (retrieving far objects with the rake for 5 min). By investigating left cross-modal extinction in right brain-damaged (RBD) patients, we found that ipsilesional visual stimuli presented at the distal edge of a 38-cm-long rake induced more left tactile extinction immediately after tool-use than before tool-use. Moreover, when tool-use was impeded, the severity of cross-modal extinction decreased to pre-tool-use levels. The increase in cross-modal extinction found after tool-use has been taken as evidence for an extension of peri-hand space along the tool axis, whereas its reduction following tool-inactivity has been considered as the behavioural counterpart of the contraction of the formerly extended peri-hand space (Farnè and Ladavas, 2000) . In a similar vein, Maravita et al. (2001) also found stronger visual-tactile extinction at the tip of a stick wielded by a patient, as compared to when the stick was absent, or present but not connected to the patient's hand. Further evidence of tool-related far/near space re-mapping has been documented in neglect patients (Berti and Frassinetti, 2000; Humprheys et al., 2004) . Convergent evidence also comes from healthy participants investigated in tasks involving different types of tool-use (Riggio et al., 1986; Yamamoto and Kitazawa, 2001 ; see also Chapter X). Maravita and colleagues, for example, reported significant changes in the spatial distribution of cross-modal effects after subjects repeatedly crossed-over two hand-held tools, with the phenomenon developing with increased practice in crossing the tools (Maravita et al., 2002a) .
By assessing visual-tactile extinction in RBD patients, we investigated the crucial determinants of such plastic changes. We tested the role played by passive versus active experience with tools in re-sizing peri-hand space (Farnè et al., 2005c) . In particular, we investigated whether a prolonged passive experience with a rake (60 cm long) was sufficient to elongate peri-hand space, or whether active tool-use was necessary. The results showed that the severity of visual-tactile extinction, as assessed at the distal edge of the tool (60 cm away from the patient's hand) after a prolonged passive exposure to the proprioceptive and visual experience of wielding a rake, did not differ from that obtained when the tool was absent. In contrast, cross-modal extinction was significantly increased in far space following an equally long period of active use of the same tool. Therefore, in agreement with both neurophysiological and neuropsychological findings (Iriki et al., 1996; Maravita et al., 2002b) these results suggest that plastic modifications of the body schema (Head and Holmes, 1911-1912) require the tool to be actively involved in a task.
In another study (Farnè et al., 2005b) we investigated the relationships between the physical and functional properties of active tool-use and the spatial extent of the subsequent perihand space elongation. In particular, by assessing visual-tactile extinction far from the patients' hand (60 cm) after use of a 60-or 30-cm-long rake, we found that peri-hand space elongation varied according to the tool length. When assessed at the same 60 cm far location, cross-modal extinction was stronger after use of a long tool (60 cm) as compared to the use of a short tool (30 cm). Remarkably, even the use of the short tool (30 cm) produced a significant increase in cross-modal extinction at the same far location (60 cm), although weaker than that induced by the use of the long tool (60 cm).
This indicates that the area of peripersonal space that is subject to the tool-use-induced re-weighting of multisensory coding is not sharply limited to the tool tip, but extends beyond it to include a peri-tool space, where the strength of visual-tactile integration seems to fade. In the same study we also showed that the extent of tool embodiment tightly depends upon the functional, not the physical, length of the used tool. These properties were dissociated through a hybrid rake that was physically long (60 cm), but operationally short (30 cm). Indeed, the severity of cross-modal extinction observed at the same far location (60 cm) after the use of the hybrid tool was significantly less severe than that found after the use of the 60-cm-long tool. In contrast, comparable cross-modal extinction was observed after use of the short tool (30 cm) and the hybrid tool, whose absolute length was the same as the 60-cm-long tool, but whose functional length was the same of the 30-cm-long tool. These findings show that the functional distance made available by the tool is the crucial determinant of the change in the strength of multisensory processing (Farnè et al., 2005b) .
But is this a real elongation of the visual-tactile integrative area along the tool axis? The metaphor of peripersonal spatial elongation to explain the changes in the strength of multisensory coding occurring at a far distance after tool use has been recently addressed by Holmes et al., (2004) in normal subjects. They assessed visual-tactile congruency effects in three positions along a tool (handle, middle, tip) while subjects completed interleaved series of tool-use trials. Tool-use involved having the subjects use the tip, the shaft or the handle of one of the two hand-held tools to push a button located at different distances from the subject's body. Their results were more compatible with selective incorporation of the tool-tip, rather than with peri-hand space elongation encompassing the whole tool. To shed further light on this issue, we investigated a group of extinction patients in a similar study (Bonifazi et al., 2007) .
We found that the tool-use-dependent increase in visual-tactile extinction was present both at the middle and distal location along the tool axis, whereas no change intervened at the hand proximity. These findings support the view that the tool-use dependent re-mapping of multisensory space in humans may affect the entire functional distance between the hand and the tool tip.
Summing up, using a tool to retrieve distant objects increases the strength of visual-tactile integrative effects in a region of space far from the patients' body. Such a transient size-change of peri-hand multisensory space has been ascribed to a change in the multisensory integrative strength that is strictly tool-use dependent and associated with the functional metric of the used tool (Farnè et al., 2005b) .
Tactile extinction in the normal brain "Because the pattern … was so consistent it was reasoned that similar patterns in function might also be found in the normal subject, provided the necessary conditions for testing were introduced" Morris B. Bender, Disorders in Perception (1952) As described in the previous sections, the pathological model of extinction has deeply contributed to the understanding of how the human brain represents near peripersonal space, as well as the plastic properties of such a multisensory coding that emerge following tool-use. Nonetheless, a normal model of extinction might represent an even better instrument for deepening our knowledge about the clinical phenomenon of extinction itself, as well as the way in which different sensory inputs are synthesized in the human brain. By allowing more flexibility and finer control of the experimental setting, in comparison to patient studies, the investigation of extinction in neurologically healthy subjects would also provide an opportunity to investigate several fundamental questions with neurophysiological and neuroimaging techniques. For example, such studies might shed light on how, where and when competing inputs interact in the normal brain, within as well as between sensory modalities (for a review on uni-and multisensory extinction, see Brozzoli et al., 2006) . Although these questions can certainly be investigated in patients, and Sarri et al. (2006) have recently provided a valuable single-case-based contribution in this direction by using functional magnetic resonance imaging (fMRI) and functional connectivity approaches, these types of studies are better-suited for investigations with a normal population (Fink et al., 2000) .
In this respect, some hints of normal extinction-like phenomena have been anecdotally reported by Bender (1952) in the tactile modality. He reported that the first of a series of DSS could be missed if subjects were not informed about the body parts that could be stimulated (e.g. the hand and the face). More recent experimental investigations have confirmed the possibility of revealing some competitive effects in the visual (Duncan et al., 1996; Gorea and Sagi, 2002) and in the tactile modality (Meador et al., 2001; Marcel et al., 2004) . However, to observe extinction-like effects in normals requires the use of complex displays, discriminative tasks, or masking procedures that are clearly distinguishable from the dramatic omitting of simple-feature stimuli in extinction patients. Alternatively, repetitive or single-pulse transcranial magnetic stimulation (TMS) needs to be applied to obtain neglect and extinction-like effects in the normal brain (Seyal et al., 1995; Oliveri et al., 1999; Fierro et al., 2000; Hilgetag et al., 2001) . By creating temporary and reversible lesions of the parietal cortex using TMS, transient deficits in sensory processing can be induced in otherwise neurologically normal subjects.
TMS-induced motor-sensory extinction
In a recent study attempting to use TMS to further examine tactile perception, we found that a robust tactile extinction-like phenomenon could also be induced in neurologically normal subjects solely by stimulating the nerves and muscles of the face (i.e. not the brain). Note that TMS, especially with larger stimulating coils, produces tap-like sensations directly underneath the coil and, when applied over certain regions of the scalp, induces muscle twitches in the face, neck, and/or shoulders. All of these sensations are readily felt by the participant and may sometimes cause some discomfort. We found during the course of one study that tactile extinction of a stimulus on the hand could be induced by this TMS activation of the muscles of the face.
This tactile extinction-like effect induced by facial nerve and muscle activation from the TMS coil was most readily observed in a case in which fMRI-guided TMS was used to target the secondary somatosensory cortex (SII) in the parietal operculum. Because of the relatively ventral location of SII, attempts to stimulate SII with TMS will almost always also activate the facial nerve and/or temporalis muscle, thereby causing large-scaled twitches of the face. The tactile stimuli in these experiments were 5 ms onsets of piezoelectric stimulators that were attached to the left and right hands. In one control block in which TMS pulses were never administered, the participant detected 80% of the tactile stimuli delivered to the left hand. After localizing the fMRI-activated SII in this participant, a single TMS pulse was administered at this site in one of the experimental blocks 150 ms after the tactile stimulus. When TMS was applied over the right SII at 110% of motor threshold, detection of these same unilateral left tactile stimuli dropped to 25%.
While at first this effect on tactile processing seemed like a direct effect of SII disruption, further sessions with TMS only affecting the facial nerve and muscles or with ipsilateral tactile stimulation proved otherwise. In one session with TMS intensities too low to simulate cortex but high enough to activate the facial nerve/temporalis muscle, detection of the same tactile stimulus delivered to the left hand dropped from 70% in the interleaved no TMS trials to 7.5% when the facial nerve was stimulated. Furthermore, TMS over the right SII at 110% motor threshold decreased tactile detection on the ipsilateral right hand from 45 to 10%. Thus, these results demonstrate a large effect on tactile detection from activation of muscles in the face, nicely paralleling the face-hand tactile extinction previously documented following recovery from peripheral hand deafferentation (Farnè et al., 2002) . In addition to replicating tactile extinction in normal participants under a vastly different set of conditions, these results illustrate some of the difficulties associated with, and considerations necessary for, conducting TMS studies of tactile perception. The use of control sites and different timings for TMS, as well as the delivery of tactile stimulation to different body parts, are essential for disentangling any cortical influences of TMS on tactile perception from the somatosensory artifacts produced by the technique.
Behavioral approach to tactile extinction
Recently we investigated neurologically healthy subjects with the twofold aim of (1) testing whether extinction-like phenomena exist for the tactile modality in healthy participants, and (2) verifying whether such a phenomenon would show some of the basic features of pathological extinction, thereby providing a normal model of this clinical deficit. In particular, the question we addressed was whether normal performance of the somatosensory perceptual system may be intrinsically limited when there is competition between simultaneous bilateral stimuli. In other words, tactile extinction-like symptoms may be a consequence of a normal physiological limit of the human's brain-processing abilities. Moreover, since our final aim was to provide a normal model of clinical extinction, we attempted to obtain extinction-like phenomena under testing circumstances that were the closest as possible to those routinely employed in the neurological testing of braindamaged patients.
To this end, a group of neurologically healthy subjects underwent a standard assessment of tactile extinction whereby they were required to say "left", "right", "both", or "none", as fast as possible according to what they felt. The task simply required the localizing and reporting of single or double touches delivered to either hand alone, or to both hands simultaneously. Moreover, since some aspects of tactile perception have been shown to be modulated by the spatial separation between the hands, such as the discrimination of bilateral hand-vibrating stimuli (Driver and Grossenbacher, 1996) , the distance between the hands was varied using two different postures to assess for distance-dependent modulations of any tactile extinction-like effect.
Subjects
Fifteen neurologically healthy subjects (eight females, seven males, mean age 26 years, age range 20-37 years) participated in this study, which was approved by the local ethics committee, after giving informed consent. All subjects were right-handed and had normal or corrected-to-normal vision and normal touch perception by self-report.
Material and apparatus
Participants were seated in a dimly illuminated, sound-attenuated room with their arms stretched out on a tabletop in front of them. Vision of their hands and forearms was impeded by a wooden panel (30 cm high × 60 cm long) that was placed in front of them and mounted on a wooden box that was positioned over the subject's arms. A central fixation cross was marked on the panel. Inside the box, the volar surface of the subjects' forearms faced upwards, with the wrist and hand resting on anatomically shaped foam supports (14 cm long). The hands were positioned such that each palm was oriented upwards and medially towards the fixation point. The position of the foam supports was adjusted for each subject to maintain a distance between the index fingers of either 7 or 90 cm (see conditions below); the two foam supports were placed symmetrically with respect to the subject's midline. A black fabric stretched from the proximal edge of the wooden box up to the subject's shoulders to cover subject's arms completely.
Tactile stimuli consisted of brief electro-tactile stimulations (100 µs duration) delivered on the distal phalanxes of the index finger of either or both hands via four self-adhesive disposable electrodes (Neuroline 700-K, Ambu). The electrodes were connected to two separate constant current stimulators (DS7A, Digitimer Ltd, UK), which were controlled via PC using Xgen software (.887 version, by C. Rorden). The onset of the subject's verbal response was detected by a microphone via a voice-key detector, which was connected to the same PC controlling the stimulus sequence. Response accuracy and latency were recorded.
Procedure
Before the experimental investigation, participants were familiarized with the task in a preliminary session, where tactile stimulation intensity was titrated for each subject according to a behaviorally defined criterion. Specifically, the current intensity was progressively increased until each subject was able to verbally report approximately 90% of single stimulations in a block of randomized trials constituted by 10 single left, 10 single right, and 10 double simultaneous stimulations. If the subject's performance on single stimulus trials was too high or too low, the current intensity was adjusted accordingly and the entire block was repeated. Once this intensity had been established, the experimental session followed. On each trial, an auditory cue (50 ms duration, 1500 Hz, 60 dB SPL, as measured at the subject's head position) was emitted by a loudspeaker located centrally in front of the subject and preceded the electro-tactile stimulation by 500 ms. Tactile stimuli could be either single (left or right) or double simultaneous pulses. Each experimental block consisted of 50 randomized trials: 10 single left, 10 single right, 20 double simultaneous stimulations, and 10 catch trials. The order of presentation within a block was randomized. Subjects were instructed to maintain central fixation and the experimenter checked compliance with the instructions. To assess for possible distance-dependent modulations of tactile perception, subjects underwent the same task in two different blocks whereby the distance between the hands was varied (Near = 7 cm, Far = 90 cm).
Results
The mean accuracy rates for detecting left, right, both or no stimulation was calculated for each subject. Participants' made very few errors on the catch trials (5% of errors). The mean accuracy rate for each participant was submitted to a two-way analysis of variance (ANOVA) with Distance (Near, Far) and Stimulus Type (Left, Right, Both) as within-subject factors, and revealed a highly significant effect of Stimulus Type [F(2,28) = 23,5; p < 0.00001)]. Post hoc comparisons confirmed that subjects were comparably accurate when reporting stimuli singly delivered to either the left or the right hand (91 and 92% of detection accuracy, respectively). However, accuracy was significantly lower for the double hand simultaneous stimulation conditions as compared to either single hand stimulation condition; participants were able to correctly report only 78% of the DSS trials (see Figure 9 .1). Such a drop in accuracy in DSS versus SS was present irrespective of whether the subjects' hands were close together, or far apart, as confirmed by the lack of a significant difference for the main effect of Distance. The interaction between these factors was also not significant.
The subjects' performance in single stimulation conditions was highly consistent across subjects, at ~91% correct. This was expected based on the titration procedure that immediately preceded the experimental testing. This performance level indicates that the electro-tactile stimuli, although clearly supra-threshold, were not strong enough to produce ceiling effects. To test whether the significant drop in DSS performance genuinely reflected an extinction-like phenomenon, and not the mere differential probability related to the detection of two stimuli versus one, we calculated for each subject the joint probability for correctly perceiving DSS on the basis of his/her probability of detecting SS. The joint probability (JP) was then contrasted using one-tailed t-tests with the actual performance of the same subject on DSS. This comparison confirmed the presence of an extinction-like phenomenon, in that performance was significantly less accurate both in the Near (76%, p < 0.02) and in the Far (80%, p < 0.03) conditions. The mean correct response times (RT) were also calculated for each subject and submitted to a similar two-way ANOVA (with the same factors). The main effect of Distance was marginally significant [F(1,14) = 4,4; p = 0.055)], due to a tendency for subjects to be faster in reporting tactile stimuli when the hands were far apart (640 ms) as compared to when they were closer in space (665 ms). The analysis also revealed a significant effect of Stimulus Type that was due to the use of the different verbal labels used to respond rather than the extinction effect. The interaction between these factors was not significant.
Further, a laterality index {[(R -L)/(R + L)]} was calculated on the incorrect DSS trials for each subject to assess whether any bias was present when a subject failed to correctly perceive the presence of two simultaneous stimulations. t-Tests against zero were not significant for either condition [Near: t(13) = 0,3; p = 0.7; Far: t(13) = 1,4; p = 0.2]. A oneway ANOVA on this index, with Distance (Near, Far) as within-subject factor, also did not reveal any significant difference. 
Discussion: tactile extinction in the normal brain
These results are the first formal demonstration of the presence of a tactile extinction-like phenomenon in neurologically healthy subjects. They reveal a significant and consistent lowering in performance that is selective for DSS. Despite accurate and comparable performance in single right and left stimulation conditions, performance in DSS was lower in accuracy, by about 14% on average. After correcting for the differential probability of detecting two versus one stimulus, the healthy subjects' accuracy was still significantly lower on the DSS trials, by about 6% on average, such that the single versus double pattern replicated the typical clinical extinction patients' behavior. Moreover, the significant reduction of DSS accuracy was obtained by using a task that was in many ways similar to the confrontation method that is typically employed for assessing brain-damaged patients. The main differences were that (1) stimulus intensity was behaviorally defined to be comparable between the hands and, although not at ceiling, supra-threshold, and (2) speeded responses were required. With respect to the former difference, extinction patients should, by definition, present with well-preserved unilateral somatosensory perception on the affected hand, and, of course, normal tactile capability on the nonaffected hand. However, tactile stimuli of equal intensity would almost invariably be subjectively perceived as being different. When attempts have been made to equate for this difference, the extinction pattern has been reported to change considerably, at least in the visual domain (Geeraerts et al., 2005) . We are currently investigating whether differences in the behaviorally defined intensity would produce any spatial bias in the extinction-like pattern of normal participants (see Meador et al., 1998; Gorea and Sagi, 2002) . Concerning the second difference, preliminary findings from our laboratory suggest that the extinction-like phenomenon might not depend upon time-pressure, a similar pattern of results being observed when speeded responses are not required.
However, when considering the latency of speeded responses, subjects tended to be slower in reporting touches in the Near as compared to the Far condition. This effect, although marginally significant, is in agreement with behavioral and electrophysiological findings showing that the perception of touch is consistently modulated by the physical distance separating the hands (Driver and Grossenbacher, 1996; Eimer et al., 2002; Haggard et al., 2006) . Since hand separation did not interact with the type of stimulus (SS or DSS), this tendency might reflect a basic aspect of tactile perception, suggesting that not only high-order (Aglioti et al., 1999) , but also relatively low-level aspects of tactile perception may be modulated by body-parts posture in non-somatotopic coordinates.
Interestingly, no spatial bias was present on extinguished trials when considering the error distribution; subjects were equally likely to extinguish the left or the right touch. In the light of our proposed model of normal tactile extinction, this finding was expected on the basis of results coming from the visual modality. In particular, the lack of spatial bias is consistent with the few former instances of visual extinction-like effects in normals (Duncan et al., 1996; Fink et al., 2000; Peers et al., 2005) and could in principle be readily attributed to the lack of a hemispheric lesion. The predicted absence of any spatial bias may be the most important qualitative difference between normal and clinical extinction, suggesting that clinical extinction may be a pathological exacerbation of a normal limit of the tactile perceptual system.
Multisensory effects on tactile extinction in the normal brain
Now that a normal model of tactile extinction has been established, we can assess whether the somatosensory perceptual system can be modulated by inputs coming from different sensory modalities. This would validate the model not only as a replica of the pathological deficit in the healthy subject, but also as a useful tool to further investigate multisensory interactions in the normal brain. Several recent studies in our laboratory have started to address the interactions between vision, audition and touch using this extinction-like paradigm. In what follows we report a new attempt to investigate multisensory modulations within the somatosensory modality. Namely, we tested whether providing subjects with differential proprioceptive and kinesthetic information about the functional properties of an object they were grasping could affect the tactile extinction-like phenomenon. We reasoned that if proprioceptive and kinesthetic inputs are merged with touch perception, altering the former should affect the latter, as measured in terms of the tactile extinction-like phenomenon.
To test this hypothesis, a group of neurologically healthy subjects underwent a tactile extinction-like protocol similar to that described above, but under different experimental conditions. The common feature of all conditions was that each participant was tested while passively holding the same object in each hand (i.e. a portion of a real steering wheel). The main manipulation across conditions was that subjects could either grasp in each hand a portion of a solid steering wheel, or a broken version of the wheel, with single pieces kept together with strings. Note, however, that the two grasped pieces of wheel were otherwise identical (see Figure 9 .2). Before the tactile extinction task, subjects were required to experience the properties of the grasped objects, and in particular how they moved when 'turning' the steering wheel with both hands for a short time interval. We hypothesized that experiencing the coherent movement properties of the solid steering wheel versus the independently moving properties of the broken steering wheel might differentially affect tactile extinction.
In particular, two possible outcomes could be expected. The (previously jointly moved) solid wheel might act as a tactile grouping factor, as compared to the (previously independently moved) broken wheel, which might yield weaker tactile extinction (Ward et al., 1994) . In contrast, proprioceptive-kinesthetic inputs derived from moving the solid or broken wheel might not merge with touch, or our normal model of tactile extinction might be not sensitive enough to reveal any difference, yielding comparable tactile extinction levels across the two conditions. Further, to test the possible influence of task-irrelevant visual information about the wheel on this tactile extinction-like phenomenon, in separate conditions the subjects could see life-sized images of the solid (or broken) wheel while grasping the solid (congruent visual and somatosensory condition) or the broken (incongruent condition) wheel (see Figure 9. 3). On the basis of our previous studies on the effect of seeing or not seeing the hands on multisensory processing in extinction patients , as well as several findings showing the profound effects of task-irrelevant vision of the stimulated body part on touch perception (Press et al., 2004; Ro et al., 2004; Fiorio and Haggard, 2005; Johnson et al., 2006) it was expected that adding congruent or incongruent visual information could further modulate the tactile extinction-like phenomenon.
Subjects
Eighteen neurologically healthy subjects (nine males and nine females, mean age 23 years, range 20-27 years) participated in this study, approved by the local ethics committee, after giving informed consent. All subjects were right-handed and had normal or corrected-to-normal vision and touch perception by self-report. Figure 9 .2 The solid (upper panel) and broken (lower panel) steering wheel on their own supports, as they were located behind the apparatus depicted in Figure 9 .1a. Note that the solid wheel could only be rotated whereas the broken wheel pieces were independently fixed with strings that allowed each to be moved independently.
Material and apparatus
The setup and procedures were the same as that described in the previous experiment, except for the following. The position of the foam supports was adjusted for each subject to maintain a distance of 20 cm between their index fingers; the foam supports were symmetrically located with respect to their midline. The objects were two identical sportcar steering wheels (33 cm diameter; 9 cm section circumference). One wheel was kept functional, while the second one was sawed to obtain two identical portions of the same wheel (corresponding to the portion grasped by each hand), so that contact surface and texture were identical for each hand while passively grasping the solid or the broken wheel. Both were attached to a wooden support, at the same height from the table-top. While the solid wheel could rotate on its axis, the separate portions of the broken wheel were fixed separately, at the same distance and slope of the solid wheel, so that they could be moved independently (see Figure 9 .2).
Task-irrelevant visual images of a (solid or broken) wheel (grasped by hands) could be added on the panel in front of the subject (see Figure 9 .2, upper panel) in separate counterbalanced conditions that could be congruent or incongruent with the wheel actually grasped by the subject. Visual images were two high-definition, digitally edited pictures printed on A3 paper format (Figure 9. 3), each depicting the central fixation point (yellow cross) that was also marked on a white A3 page in the condition whereby no visual information was added. 
Procedure
Subjects were asked to experience the moving properties of the grasped object(s) by moving both hands for about 30 s before the beginning of each block of trials. Foam supports were then positioned by the experimenter so that the subject's hand gently and passively grasped the respective portion of either the solid or broken wheel. In this passive upward posture, the distal phalanxes of the index fingers, where the electrodes were located to deliver the tactile stimulation, were not in contact with the wheel. Subjects were instructed to maintain central fixation, to refrain from moving the hands and to report verbally what they felt, as described in the previous experiment. Tactile extinction-like effects were separately assessed for each grasping situation (solid versus broken) in three sensory contexts: somatosensory only (S), congruent somatosensory and vision (CSV), and incongruent somatosensory and vision (ISV), for a total of six separate blocks (three sensory contexts × two wheel characteristics) (Figure 9 .3). The order of blocks was counterbalanced across subjects and, as in the previous experiment, each block contained 50 trials (10 left, 10 right SS, 20 DSS and 10 CT).
Results
Participants made almost no false alarms throughout the experiment. The mean percentage accuracy in reporting single and double stimulations was calculated for each subject and submitted to a three-way ANOVA with Wheel (Solid, Broken), Sensory Condition (S, CSV, ISV) and Stimulus Type (SS, DSS) as within-subject factors. The Wheel × Stimulus Type interaction was significant [F(1,17) = 7,6; p < 0.02)]. Post hoc comparisons confirmed that subjects were comparably accurate when reporting singly delivered stimuli (SS = 89% of detection accuracy both in the solid and broken wheel condition). However, their performance when reporting bilateral simultaneous stimulations differed as a function of the wheel they were holding. As can be seen in Figure 9 .4, subjects' accuracy in the solid wheel condition was markedly lower (67% correct detection) as compared to that obtained in the broken wheel condition (76% correct detection). Such a selective drop in accuracy for DSS with the solid versus the broken wheel was present irrespective of whether the subjects were or were not additionally provided with visual contextual information. Indeed, the Wheel × Sensory Condition × Stimulus Type interaction was not significant. To estimate whether any spatial bias was present when subjects failed to correctly perceive the presence of two simultaneous stimulations, a laterality index {[(R -L)/(R+L)]} was calculated on the incorrect DSS trials for each subject in each condition. As in the previous experiment, the laterality index did not reveal any significant difference. t-Tests were not significantly different for either of the two wheel conditions [Solid: t(17) = 0,3; p = 0.9; Broken: t(17) = 1,2; p = 0.3]. A one-way ANOVA on this index, with Wheel (Solid, Broken) as the within-subject factor, did not reveal any significant difference.
Discussion: multisensory effects on normal tactile extinction
Two main findings emerged from this study. First, the tactile extinction-like aspect of subjects' tactile perception was selectively modulated by the type of preceding experience they had in manipulating the grasped objects. Second, this modulation did not introduce any bias in the subjects' response.
Critically, the former finding provides strong evidence supporting our proposal that the normal model of tactile extinction that has been presented and tested in the previous experiment can be used efficiently to investigate how the normal brain integrates multisensory inputs. The selective modulation of tactile perception under the two different DSS conditions is clearly in favor of our hypothesis that proprioceptive-kinesthetic inputs do affect tactile perception. In addition, it reveals that this occurs at a relatively high level of the tactile processing, because only accuracy in the DSS conditions was modified. Indeed, it is noteworthy that subjects' accuracy was equivalent when their hands were singly touched while grasping a piece of a solid or broken wheel. The latter finding also rules out any possible explanation of the increase in extinction due to a differential sensorimotor gating effect between the solid and the broken wheel. Moreover, these findings suggest that the proprioceptively induced modulation of the tactile extinction-like effect was relatively long-lasting, as subjects briefly experienced the functional properties of the wheel (solid or broken) only before starting each block (see Ro et al., 2004 , for results demonstrating long-lasting effects of visual experience on touch perception).
Contrary to what was expected on the basis of the grouping hypothesis, however, the modulation of tactile extinction was manifest as a significant worsening of the subjects' performance rather than the improvement predicted based on the literature . Two alternative accounts of this unexpected result can be considered. First, it is possible that experiencing the moving properties of the solid wheel did actually produce a grouping phenomenon, but that this induced opposite effects in touch as compared to vision. In the somatosensory domain it is possible that grouping hands in a whole makes two simultaneously delivered touches less distinguishable (i.e. reduces 'twoness'), thus increasing the tactile extinction-like effect. To the best of our knowledge, no grouping effect has been reported thus far in the tactile modality; therefore this possibility needs to be empirically addressed. Second, it is possible that two-ness was reduced by shortening the spatial separation of the sources of the tactile events, as has been reported in the auditory modality (Driver, 1996) ; however, no significant difference was found between the Near (76% of accuracy) and the Far conditions (80% of accuracy). If physical distance in external space does not alter tactile extinction, it is alternatively possible that the functional distance between them is reduced. This is precisely what should be expected in the case of the funneling illusion, whereby subjects perceive only one of two simultaneously delivered touches (Chen et al., 2003) , or in the case of use-dependent tool embodiment (see 'Plastic multisensory modulations induced by tool-use' above); yet, subjects were not asked to functionally use the tool in the present case, so further studies are necessary to disambiguate these alternatives. Concerning the second finding (i.e. that no spatial bias was introduced by the worsening of the tactile extinction effect), this confirms and extends the results reported in the previous study, and indicates that the lack of response bias is a stable feature of the tactile extinction-like effect. Indeed, response biases were absent even when subjects were grasping objects, showing a resistance to the addition of the static tactile stimulation provided by passive contact with the two wheel portions (Kakigi et al., 1996) .
Overall, the critical finding is that tactile extinction-like effects were selectively modulated by the proprioceptive and kinesthetic inputs, thus validating the proposed model as a suitable way to investigate multisensory interactions in the normal brain.
Conclusions and implications for clinical extinction
From both the patient and healthy subject investigations presented here, it should be apparent that the study of a relatively simple pathological sign, such as extinction, is useful for understanding the functional organization of normal brain processes. In particular, we provided evidence that studying cross-modal extinction can shed light into the functioning of multisensory brain mechanisms coding near peripersonal space in humans. The plastic properties of such mechanisms have also been inferred from this altered perceptual behaviour in neurological patients, allowing for a documentation of the transient multisensory effects produced by using functionally effective tools that widen the space made reachable by the hand. Moreover, the newly reported findings demonstrate that clinical tactile extinction might be a pathological exaggeration of a physiologically limited capacity of the somatosensory system, which limits multiple simultaneous stimuli from accessing awareness.
This finding has potential implications for the interpretation of clinical tactile extinction. Extinction is considered to be an attentional competition problem, as unilateral contralesional somatosensory processing is often largely spared, and when affected, does not explain the selectivity of the deficit following DSS; moreover, orienting patients' attention contralesionally reduces extinction severity. However, the presence of subtle sensory dysfunctions has been recently consistently reported in visual, tactile, and auditory studies of neglect and extinction (for review, see Brozzoli et al., 2006) . In a single RBD patient study, for example, the somatosensory neural activity recorded via ERP in the right hemisphere was reduced in amplitude when compared to the one elicited by right-hand stimulation on the left hemisphere (Eimer et al., 2002) . This suggests that, although tactile extinction is not a pure sensory deficit, there nonetheless may be an underlying pathology for the processing of contralesional unilateral stimuli. This is in agreement with what has been observed for visual extinction, whereby the early components of visual processing may be abnormal for contralesional stimuli (Remy et al., 1999; Marzi et al., 2000) . Although still unclear, the role possibly played by early sensory deficits can no longer be excluded, as degradation or slowing of sensory inputs may contribute to the difficulty in perceiving contralesional events. In this respect, a recent study by Peers et al. (2005) has made clear that, quite paradoxically, the lesion volume regardless of lesion location is actually correlated with the presence and severity of the spatial response bias typical of neglect and extinction patients. In light of this latter finding and the existence of non-lateralized tactile extinction-like phenomena in the normal brain, it is possible to suggest that the hemispheric lesion is what makes clinical extinction qualitatively different from extinction in healthy subjects. Moreover, fronto-parietal and subcortical lesions, most frequently associated with extinction (Vallar et al., 1994) , reduce attentional resources. Therefore, a combination of a non-lateralized physiological limit (as described here), a lesion-induced spatial bias and reduced attentional capacity might be at the origin of pathological tactile extinction, n hypothesis currently under investigation in our laboratory using TMS.
Finally, the tactile extinction-like phenomenon has been shown to be selectively modulated by providing differential proprioceptive-kinesthetic input concerning the dynamic properties of an object. We think that these findings, by validating the normal model of tactile extinction, will open new perspectives for investigating the pervasive aspects of multisensory processing of human spatial cognition and their neurophysiological bases.
